An innovative granular sludge deammonification system was incorporated into a conventional- 
INTRODUCTION
The wastewater treatment industry is facing challenges that are being driven by more stringent government legislation on discharge regulations and public support of sustainable activities to reduce greenhouse gas emissions. The removal of nutrients, particularly nitrogen, from many municipal and industrial wastewater facilities has become imperative.
Within the context of biological nitrogen removal, sidestream deammonification is being established as a cost-effective solution, due to reduced specific nitrogen removal costs compared to conventional nitrification/denitrification (Wett ) . Deammonification is a fully autotrophic twostage reaction that shortcuts conventional nitrification/denitrification by synergy of ammonium-oxidizing bacteria (AOB) and anaerobic AOB (anammox) where ammonium converts to nitrogen gas (Sliekers et al. ) . First, ammonium is partly oxidized to nitrite by AOB (Reaction (1)) follow by the conversion of the leftover ammonia and produced nitrite by anammox bacteria (Reaction (2)). Deammonification (Reaction (3)) offers a more sustainable ammonium removal solution, substantially lowering the energy demand and eliminating the addition of external carbon typically required for conventional side-steam treatment systems (Kaui & Verstraete ) .
1NH 3 þ 0:85O 2 ! 0:11NO
Anammox-based processes stemmed from discovery of anammox biological pathway in a fluidized bed reactor (Mulder et al. ) and are classified into one or two reactor configurations. Two-stage systems are comprised of two sequential reactors, where partial nitrification takes place in the first tank, followed by anaerobic ammonium oxidation (Anammox) in the second tank (Abma et al. ) . This study presents, for the first time, how a deammonification process is incorporated into a continuous flowactivated sludge process. The main objective of this research was to study the long-term performance of the process under field conditions in removing ammonium from high ammonium sludge dewatering centrate. At the same time, the process design addresses the inherent operational challenges associated with the successful operation of anammox-based nitrogen removal systems, which mainly include preventing nitrite build-up in the bioreactor and the management of nitrite-oxidizing bacteria (NOB) to minimize nitrate production. An innovative approach that uses the difference in settling velocities of anammox granules and AOBs to control the SRT of AOBs within the process was tested and studied. 
MATERIALS AND METHODS

Feed
Experimental setup
Deammonification was incorporated into a pilot-scale, activated sludge process and evaluated for treating high ammonia centrate. The suspended growth granular-activated sludge process ( Figure 1 ) was composed of a 2,000 L centrate storage tank, a feed pump, a bioreactor with a working volume of 380 L, an external clarifier with a working volume of 6.5 L, and a return-activated sludge (RAS) pump. The bioreactor was equipped with a propeller mixer which was operated constantly at 150 rpm, a disc aeration system and a baffle that separates granules from flocculent biomass before entering the external clarifier. The process components were hosted in a 6 m long, enclosed trailer. The main control strategy relied on using a pH controller for controlling the feed flow/nitrogen load to the bioreactor and separate aeration control. The air was provided by an air blower connected directly to an on/off timer, which allowed for continuous or intermittent aeration. The dissolved oxygen during the aeration ON time was controlled using a DO controller and a solenoid valve. The airflow was recorded and adjusted manually using a rotameter in each stage of study. The temperature was controlled at 29-32 W C by means of an immersion heater and a thermostat.
The bioreactor was initially seeded with a mixture of waste biological sludge (1,200 mg/L TSS) and anammox biomass. The waste biological sludge was taken from a Membrane Enhanced UCT Process operated at the University of British Columbia Pilot Plant treating municipal wastewater. The seed biomass included 8 L of the anammox biomass, containing 3,200 mg/L of VSS (a mixture of AOB and anaerobic AOB (anammox)). The anammox biomass was collected over time from a bench scale anammox reactor treating high ammonia centrate as described by Kosari et al. () .
Centrate from the Annacis Wastewater Treatment Plant (Table 1 ) was fed to the bioreactor by a feed pump. The process was operated in three different stages. Table 2 summarizes the operational conditions at each stage.
In the first stage, the ammonium loading to the bioreactor was controlled by a pH controller at 6.7. The pH values shown in Table 2 represent the pH controller set point, not the actual pH in the bioreactor. The nitrogen loading was controlled by connecting the feed pump to the pH controller. The feed pump was always ON if the actual pH in the reactor was below the pH controller set point. The aeration was provided intermittently during the start-up phase (10 min on, 10 min off). Nitrite was monitored on a daily basis and airflow was adjusted accordingly to keep nitrite below 5 mg N/L.
In the second stage, once the higher quantity of anammox biomass was established, RAS flow and ammonium loading was gradually increased by increasing the flow, along with the aeration. The aeration timer was operated at continuous aeration from this stage forward.
In the last stage of the experiment, the process operated under maximum AOB wasting conditions by turning off the RAS pump. This resulted in raising the sludge blanket in the clarifier, which allowed for continuous wasting of flocculent biomass to the clarifier effluent, while keeping the granular biomass in the bioreactor.
Analysis
NH 4
þ , NO 2 À and NO 3 À were determined by flow injection analysis of spectrophotometry (Quikchem 8000, Lachat). Alkalinity, biological oxygen demand (BOD), mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) were determined according to Standard Methods for the Examination of Water and Wastewater (APHA ). Chemical oxygen demand (COD) was measured using the closed reflux calorimetric method. Particle size distributions in the bioreactor were analyzed (using the Malvern Mastersizer 2000). The biomass settling velocity was measured in a settling tube by tracking granular and flocculent biomass in the settling tube.
RESULTS AND DISCUSSION
Granular biomass retention and baffle performance
The current state of the art concerning microbial community of granular deammonification systems suggests anammox bacteria tend to gather more in the granules or larger aggregates versus AOB and NOB that are found in more concentrations in the flocs (Nielsen et al. ; Sabine Marie et al. ). This biomass characteristics is now being utilized in over 30 full-scale SBR deammonification plants where hydrocyclones are used to separate and waste the flocculent biomass from granules for NOB management (Lacknera et al. ) . In this study, under different hydrodynamic conditions, the biomass was composed of two distinguished types of biomass; flocculent and granular (Figure 2(d1) and 2(d2) ).
Anammox granules were, on average, 1,000 micron in diameter versus the flocculent biomass averaging 100 micron.
Separating SRT of anammox granules from flocculent biomass was possible due to the difference in settling velocities of anammox and flocculent biomass. As it is shown by settling velocity profile in the bioreactor (Figure 2(c) ), granules showed higher settling velocity ranging from 8 to 25 m/h, as opposed to flocculent biomass with a settling velocity of 2-8 m/h. Therefore, a simple baffle/internal clarifier allowed for retention of granules and separating the SRT of the anammox and flocculent sludge. RAS flow rate was used to control the flocculent sludge concentration/SRT in the bioreactor by changing the up-flow velocity within the baffle/internal clarifier zone. As expected, large granules were mainly retained in the bioreactor, confirmed by particle size distribution measurement in the baffle effluent (Figure 2(b) ). Small quantities of granules occasionally passed to the external clarifier. However, these granules were captured and returned to the bioreactor by RAS. Figure 3 shows the long-term performance of the system for ammonium removal from centrate. The performance curve can be divided into three sections of controlled ammonium loading (Stage I), high ammonium loading (Stage II), and flocculent biomass wasting (Stage III). In the first stage, the feed pump was controlled by the pH to prevent high pH and high ammonia condition to occur in the reactor. This ammonium loading control strategy was aimed at providing the optimum growth conditions for anammox bacteria based on the established criteria by other researchers, where both free ammonia (Jung et Return-activated sludge (RAS) flow (%) 20-30% of influent flow 50-100% of influent flow RAS pump was off
Ammonium and total inorganic nitrogen removal
In the first 3 months, ammonium was reduced from 1,140 to 170 mg/L on average, at an ammonium loading of 0.4 kg N/m 3 d. The increased aeration from day 90 onwards (to 14 L/min) resulted in elevated nitrite concentration, and short-term nitrate build-up in the bioreactor (days 90-130).
The elevated nitrate concentration is expected to be the main cause of decline in ammonium removal rate during this period. This can be explained by competition of NOB and anammox for nitrite. As shown by Reaction (2), 1 mole of ammonium reacts with 1.32 mole of nitrite and any portion of nitrite flow to NOB takes away its equivalent as ammonium from anammox bacteria. Increasing the RAS flow from day 130 onwards increased the biomass concentration in the bioreactor, leading to the reduction of nitrate concentration in the bioreactor. This may be attributed to the increased concentration of small anammox granules that passed the baffle and accumulated in the clarifier sludge blanket. Increased concentration of flocculent biomass in the bioreactor (day 130) dropped the dissolved oxygen concentration to below 0.1 mg/L. The increase in flocculent biomass allowed for process operation under increased loading while operating under low dissolved oxygen conditions. The increased loading was achieved by proportional increase of feed and airflow reaching 305 mL/min and 41 L/min on day 300. Operating under higher feed flow (hydraulic retention time of 20 hours) resulted in 90% ammonium removal at a volumetric ammonium loading of 1.42 kg N/m 3 d.
In the last stage of operation (after day 300), the RAS pump was turned off. This led to continuous flocculent biomass accumulation and overflow from the external clarifier to the effluent. Increased sludge wasting is particularly desirable for mainstream bioaugmentation, where short retention time and maximizing the seed is required for process efficiency. The ammonium removal at the beginning of sludge wasting was lowered, due to NOB activity; however, NOBs were washed out due to continuous flocculent sludge wasting.
The granular biomass was still retained in the bioreactor in high concentrations by means of the internal baffle. Ammonium removal during this period was 90% at an average ammonium loading of 0.65 kg N/m 3 d. The total inorganic nitrogen removal rate was 1-3% lower than the ammonium removal, with the exception of short-term nitrate peaks observed at transition periods.
Nitrate production and NOB management Figure 4 shows nitrate, nitrite and biomass concentration in the bioreactor. Nitrate production in the early stages of operations occurred when residual nitrite in the bioreactor started to increase (day 125). The combination of elevated nitrite concentration and low anammox concentration, in the early stages, allowed for NOB activity, where nitrate concentration reached 250 mg/L. The elevated nitrite in the bioreactor, ultimately relates to the non-synchronization of nitrite production rate by AOBs and nitrite consumption by the anammox bacteria. This suggested that the anammox bacteria biomass concentration was not adequate enough to out-compete the NOBs at the operating dissolved oxygen levels. A low anammox bacteria biomass proved to be the case, as increasing the RAS flow suppressed nitrate production by increasing the anammox bacteria and AOB in the bioreactor. Although high AOB SRT in deammonification systems have led to increased NOB activities (Wett et al. ) , the current study suggests that it can be managed by low dissolved oxygen and controlling the nitrite at very low concentrations, even at higher flocculent SRT in the bioreactor.
For the last stage of the work -short AOB SRT, nitrite production was not a concern, even at elevated dissolved oxygen and residual nitrite concentrations. The nitrate production was suppressed by continuous wasting of flocculent sludge resulting in NOB washout and retaining the granular sludge in the bioreactor.
CONCLUSIONS
A single-stage, granular sludge deammonification was successfully incorporated into a continuous flow, activated sludge process and was used for nitrogen removal from centrate.
Operation under different SRT for anammox and flocculent biomass was possible due to differentiated settling velocities of anammox and flocculent AOBs, where RAS pumping can successfully be used for SRT management.
The nitrogen loading control using pH, along with dissolved oxygen, allowed for minimizing the unstable condition of the bioreactor. Ammonium removal, on average, was 90% at ammonium loading rates between 0.65 and 1.42 kg/m 3 d. Higher concentrations of flocculent biomass allowed for operation under higher ammonium loading rates. NOB activity was managed within a wide range of flocculent biomass concentration/SRT in the bioreactor, resulting in a nitrate production rate equal to 1-3% of ammonium loading; this was significantly lower than the 11% expected by anammox stoichiometry.
Under short flocculent SRT, NOB activity is suppressed within a wide range of dissolved oxygen and residual nitrite concentration. Increasing the flocculent biomass SRT narrows this range to low nitrite concentration and very low dissolved oxygen, which is below 0.1 mg/L. The increased SRT would allow for operation under high loading conditions as long as there is a high concentration of anammox biomass retained in the bioreactor.
